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Three experiments of visual search for a cube (for a square pillar in Experiment 3) with an odd conjunction of orientation of faces
and color (a cube with a red top face and a green right face among cubes with a green top face and a red right face, for example)
showed that the search is made more eﬃcient by arranging cubes (or square pillars) so that their top faces lie in a horizontal surface
deﬁned by pictorial cues. This eﬀect shows the same asymmetry as that of the surface deﬁned by the disparity cue did [Perception
and Psychophysics, 62 (2000) 540], implying that the eﬀect is independent of the three-dimensional cue and the global surface
structure inﬂuences the control of attention during the search.
 2003 Elsevier Science Ltd. All rights reserved.
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Recently, evidence has been reported which indicates
that visual attention can be allocated on the basis of a
three-dimensional representation of the visual world.
Marrara and Moore (2000), for example, showed that
the cue to a certain depth aﬀects the time required to
discriminate a letter; the letter appearing at the cued
depth is discriminated earlier than that appearing at the
uncued depth.
Moreover, He and Nakayama (1995) showed that
visual attention is distributed over the three-dimensional
surface. In their experiments of visual search for a
conjunction of color and three-dimensional location,
they presented red or green items arranged in a three-
dimensional 4 · 3 · 3 matrix and had subjects search for
an odd-colored item in the middle coplanar array of 12
elements. As a result, no systematic increase in reaction
time was recognized with increased numbers of the di-
stractors of the target color in the arrays other than the
middle array, not only when stimuli were arranged in
the three front-parallel planes but also when they were* Corresponding author. Now at: Institute of Library and Informa-
tion Science, University of Tsukuba, 1-2 Kasuga, Tsukuba, Ibaraki
305-8550, Japan. Tel./fax: +81-29-859-1331.
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doi:10.1016/S0042-6989(03)00300-6arranged in the three slightly slanted horizontal planes.
They concluded that the search for the conjunction of
color and three-dimensional surface is eﬃcient, because
attention spreads selectively across a well-formed sur-
face, that is, the allocation of attention is bound to the
representation of surfaces.
However, since Nakayama, He and their colleagues
have been studying visual search in three-dimensional
space deﬁned only by a binocular disparity cue (He &
Nakayama, 1995; McCarley & He, 2000, 2001; Nakay-
ama & Silverman, 1986), it is possible to say that their
results are speciﬁc to the disparity cue. Binocular dis-
parity is one of the three-dimensional cues which is
analyzed in the speciﬁc module from the earliest stage of
visual processing and with which the coplanarity of two
adjacent areas can be determined locally (based on the
continuity in the diﬀerential of disparity between these
areas). In fact, He and Nakayama (1995) argued that the
local coplanarity of items is inﬂuential in spreading at-
tention, according to the results that the search among
items laid in the plane was more rapid than that among
items laid across the plane. If their results depend only
on the local coplanarity calculated from the continuity
in the diﬀerential of the disparity, they must be ex-
plained in terms of the local calculation in the disparity
processing module and not in terms of the global surface
structure.served.
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spatial attention spreads on the basis of the global sur-
face representation independent of the three-dimen-
sional cue. For this purpose, we tried to prove that He
and his colleagues results are not speciﬁc to the surface
deﬁned by the disparity cue but common to that deﬁned
by another type of three-dimensional cue, pictorial cues.
Pictorial cues provide information about the global
three-dimensional structure, while the disparity cue
provides information primarily about local changes in
depth. Therefore, we expected to be able to investigate
the distribution of attention in the global surface
structure using search items which together deﬁne a
three-dimensional surface based on pictorial cues.
The premise of this expectation is that the three-
dimensional structure of stimuli is recovered from pic-
torial cues preattentively in the early stages of visual
processing, which is evident from recent studies. Enns
and Rensink (1991), for example, suggested that the
three-dimensional structure of each stimulus item is re-
covered preattentively, according to the result that the
search with line drawings is rapid when they correspond
to simple blocks of three-dimensional orientation in
which the target and distractors diﬀer. Aks and Enns
(1996) found that the eﬃcient search for size was af-
fected by the size constancy eﬀect introduced by a
background texture gradient, suggesting that the global
three-dimensional structure from texture gradient is also
processed preattentively. In addition, Sun and Perona
(1996) showed that the context of ﬂoor perspective isFig. 1. Example search displays for the four conditions of Experiment 1. Und
of cubes form a coherent ground-like surface. Under the in-tilted-surface (c) a
tilted surface. The subjects task was to search for the cube with the odd cointerpreted as early as the processing underlying eﬃcient
visual search; they used two-dimensional patterns con-
sistent with top-lit cubes of various sizes and required
subjects to search for the pattern upside down. The
search was made more eﬃcient by arranging cubes in
ﬂoor perspective as the distractors sit on the ground and
the target stands on the vertex. These lines of evidence
conﬁrm the preattentive recovery of the three-dimen-
sional structure from pictorial cues, though it has not
been investigated how these structures are involved in
the control of attention.
Among many pictorial cues, we selected the perspec-
tive and compression (see Cutting & Millard, 1984), be-
cause these cues work only after a relatively wide area of
stimuli has been processed. We presented, on a computer
display, a projected image of several identical cubes in
the imaginary space beyond the display, arranged so that
their top faces lay in an imaginary ground-like surface
(Fig. 1a and b). Under the in-surface condition, the top
and the right faces of the cubes were colored red or green.
The subjects task was to search for a cube with an odd
conjunction of face and color (a cube with a red top face
and a green right face among those with a green top face
and a red right face, for example). Under the not-
in-surface condition, the left and right faces were colored
red or green; the top face, colored gray, was irrelevant to
the search. If the surface enables a search to be per-
formed selectively on it, it is expected that the search
under the in-surface condition will be more eﬃcient than
that under the not-in-surface condition.er the in-surface (a) and the not-in-surface (b) conditions, the top faces
nd the not-in-tilted-surface (d) conditions, the left faces form a coherent
njunction of face and color.
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eﬀect of the surface deﬁned by disparity cue; the search
with items laid on a ground-like surface is more rapid
than that with items attached to a ceiling-like surface. If
the surface eﬀect is independent of the three-dimensional
cue, the same characteristics, such as asymmetry, are
expected to be observed in the case of the surface deﬁned
by pictorial cues. Thus we employed the conditions
under which the left faces of cubes lay in an imaginary
tilted surface by rotating the stimuli for the in-surface
condition, as a whole, counterclockwise by 120 (Fig. 1c
and d). Under the in-tilted-surface condition, the top
and the left faces were colored red or green, whereas
under the not-in-tilted-surface condition, the top and the
right faces were colored red or green.2. Experiment 1
2.1. Method
Ten paid volunteers (3 men and 7 women, average
age¼ 25 years) participated in the experiment. All had
normal or corrected-to-normal visual acuity and color
vision.
Stimuli were presented on a NANAO FlexScan 56 T/
S color video monitor controlled by a DELL OptiPlex
GX1 computer equipped with a Cambridge Research
Systems Visual Stimulus Generator 2/3, under a normal
lighting condition.
Under the in-surface condition (Fig. 1a), projected on
the computer display were two, six, twelve, or eighteen
identical cubes in the three-dimensional space beyond
the display; they were sitting on an imaginary ground
plane, so that their top faces lay in an imaginary con-
tinuous surface. In the case of eighteen items, the cubes
were allocated randomly under the restrictions that the
distance between the centers of two neighboring cubes
was between 1.7 and 5.0 times as long as the side of the
cube and that, when projected on the computer display,
they fall in the area subtended 10.4 · 7.91, at a viewing
distance of 120 cm, and no cube was occluded by others.
In the case of two, six, or twelve items, cubes were se-
lected randomly from eighteen items produced in the
above way.
The projected pattern of each cube consisted of three
identical diamonds and was subtended from 0.51 to
3.2 of the visual angle, according to the virtual distance
of the cube from the display. The top faces of the cubes
were red and the right faces were green, or vice versa.
The left faces were always gray. These colors were 12.9
cd/m2, equally.
Under the not-in-surface condition (Fig. 1b), the
stimulus display was the same as that under the in-
surface condition, except that the top faces were gray
and the left and right faces were green or red. Thestimulus displays for the in-tilted-surface (Fig. 1c) and
not-in-tilted-surface (Fig. 1d) conditions were made by
rotating those for the in-surface and not-in-surface
conditions, respectively, counterclockwise by 120.
A trial began with the presentation of a ﬁxation spot
(white square subtending 0.05; 163 cd/m2). After 0.8, 1,
or 1.2 s, the ﬁxation spot disappeared and the stimulus
display was presented. The subjects task was to search
for a unique color pattern (the item with a red upper
diamond and a green right diamond among the items
with a green upper diamond and a red right diamond,
for example) and to respond by pressing one of two keys
corresponding to the presence or absence of the target,
when the stimulus display disappeared. Subjects were
required to respond as quickly as possible while avoid-
ing errors. Response time was measured from the onset
of the stimulus display until a response was made.
A session consisted of two blocks, one for the in-
surface condition and one for the not-in-surface condi-
tion, or one for the in-tilted-surface condition and one
for the not-in-tilted-surface condition. Each block com-
prised 192 trials, one-half of which have a target. The
number of items randomly varied and the patterns of the
target and distractors randomly alternated.
Subjects participated in three sessions, one for prac-
tice and two for the experiment, for each pair of blocks.
The order of the two groups of the three sessions was
counterbalanced between the subjects. In all, there were
48 experimental trials for each combination of condition
(surface structure · color pattern) · trial type (present or
absent) · number of items.
2.2. Results
The mean correct response times (RTs) as a function
of the number of items for each condition are shown in
Fig. 2, for each of the two trial types. In this and
the following experiments, trials with RTs exceeding the
range of three times the standard deviation around the
average for any combination of condition · trial
type ·number of items were eliminated for each subject.
Three-way repeated-measures analyses of variance
(ANOVAs) were subjected to the correct RTs, with
color pattern (faces in surface are colored or not), sur-
face structure (horizontal or tilted), and the number of
items as main factors, for each of the two trial types. An
analysis of the present trials revealed signiﬁcant main
eﬀects of color pattern, F ð1; 9Þ ¼ 24:60, p < 0:001, and
the number of items, F ð3; 27Þ ¼ 92:54, p < 0:0001, but
no signiﬁcant eﬀect of surface structure, F ð1; 9Þ ¼ 2:619,
n.s. There were signiﬁcant interactions between surface
structure and color pattern, F ð1; 9Þ ¼ 29:15, p < 0:0005,
between color pattern and the number of items,
F ð3; 27Þ ¼ 11:39, p < 0:0001, but not between surface
structure and the number of items, F ð3; 27Þ ¼ 0:869, n.s.
Finally, there was a signiﬁcant interaction between
Fig. 2. Mean correct RTs as a function of the number of items for
each condition for each of the target-present and target-absent trials of
Experiment 1.
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items, F ð3; 27Þ ¼ 11:67, p < 0:0001. Post hoc analyses
were applied for each surface structure; for the case of
a horizontal surface, there was signiﬁcant main eﬀects
of color pattern, F ð1; 9Þ ¼ 53:42, p < 0:0001, and the
number of items, F ð3; 27Þ ¼ 101:7, p < 0:0001, as well as
a signiﬁcant interaction between them, F ð3; 27Þ ¼ 17:88,
p < 0:0001, whereas, for the case of a tilted surface,
there was only a signiﬁcant eﬀect of the number of items
F ð3; 27Þ ¼ 65:54, p < 0:0001, with no eﬀect of color
pattern F ð1; 9Þ < 0:001, n.s., as well as no interaction
between them, F ð3; 27Þ ¼ 0:275, n.s. The interaction
between color pattern and the number of items for the
case of a horizontal surface can be attributed to the
linear component, to some extent, since an ANOVATable 1
Error rate as a function of the number of items and slope (ms/item) for targ
Condition Target-present trials
Error rate Slope (m
Number of items
2 6 12 18
In-surface 0.011 0.043 0.052 0.114 15.17
Not-in-surface 0.013 0.041 0.046 0.091 32.44
In-tilted-surface 0.024 0.035 0.044 0.107 25.50
Not-in-tilted-surface 0.008 0.045 0.049 0.114 24.85with the slopes of correct RTs against the number
of items yielded a signiﬁcant eﬀect of color pattern,
F ð1; 9Þ ¼ 23:34, p < 0:001.
An analysis of the absent trials revealed signiﬁcant
main eﬀects of surface structure, F ð1; 9Þ ¼ 9:025, p <
0:05, color pattern, F ð1; 9Þ ¼ 23:05, p < 0:005, and the
number of items, F ð3; 27Þ ¼ 87:72, p < 0:0001, as well as
signiﬁcant interactions between surface structure and
color pattern, F ð1; 9Þ ¼ 23:31, p < 0:001, between sur-
face structure and the number of items, F ð3; 27Þ ¼
4:490, p < 0:05, between color pattern and the number
of items, F ð3; 27Þ ¼ 25:95, p < 0:0001, and between
surface structure, color pattern, and the number of
items, F ð3; 27Þ ¼ 30:32, p < 0:0001. Post hoc analyses
applied for each surface structure yielded signiﬁcant
eﬀects of color pattern, F ð1; 9Þ ¼ 78:90, p < 0:0001, and
the number of items, F ð3; 27Þ ¼ 108:2, p < 0:0001, as
well as their interaction, F ð3; 27Þ ¼ 76:65, p < 0:0001,
for the case of horizontal surface, but only a signiﬁcant
eﬀect of the number of items, F ð3; 27Þ ¼ 60:11, p <
0:0001, with no eﬀect of color pattern, F ð1; 9Þ ¼ 0:301,
n.s., as well as no interaction, F ð3; 27Þ ¼ 0:345, n.s., for
the case of tilted surface. The interaction for the case of
horizontal surface can be attributed to the linear com-
ponents, since an ANOVA with slopes yielded a signif-
icant eﬀect of color pattern, F ð1; 9Þ ¼ 94:29, p < 0:0001.
Error rates and the mean slopes for the correct RTs
against the number of items are shown in Table 1. The
same three-way ANOVAs as were applied to RTs were
applied to the error rates and showed only a signiﬁcant
eﬀect of the number of items, F ð3; 27Þ ¼ 18:05, p <
0:0001, for present trials, and F ð3; 27Þ ¼ 5:550, p <
0:005, for absent trials. No other eﬀect or interaction
was signiﬁcant.2.3. Discussion
There was a signiﬁcant interaction between surface
structure, color pattern, and the number of items, for
both the target-present and target-absent trials; the de-
pendency of RTs on the number of items is diﬀerent for
color pattern only for the case of the horizontal surface.
Since this diﬀerence reﬂected the diﬀerence in the slopeset-present and -absent trials in Experiment 1
Target-absent trials
s/item) Error rate Slope (ms/item)
Number of items
2 6 12 18
0.027 0.020 0.001 0.001 27.80
0.024 0.024 0.012 0.008 67.57
0.030 0.008 0.008 0.007 56.85
0.014 0.016 0.008 0.010 60.22
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that the search eﬃciency is diﬀerent for color pattern
only for the case of the horizontal surface.
The search displays for the in-surface and not-
in-surface conditions were identical, except for the color
pattern of the cubes; the faces lying in the horizontal
surface were red or green under the in-surface condition,
whereas they were gray under the not-in-surface condi-
tion. Therefore, it is considered that the diﬀerence in the
search eﬃciencies between these conditions depends on
whether the faces in the horizontal surface are relevant
to the search or not. Thus, in accordance with our ex-
pectation, the colors in a surface deﬁned by the pictorial
cue are advantageous for selective search.
On the other hand, whether or not the faces lying in
the tilted surface are relevant to the search has no eﬀect,
as was shown by the perfect agreement in the search
functions (the change in RT against the number of
items) between the in-tilted-surface and not-in-tilted-
surface conditions. This asymmetry in the surface eﬀect
corresponds to that reported by McCarley and He
(2000) in which they compared the eﬀect of the ground-
like surface with that of the ceiling-like surface, sup-
porting the ﬁnding that the surface eﬀect is common to
both the disparity and the pictorial cues.
However, the diﬀerence in search eﬃciencies between
the in-surface and not-in-surface conditions could be
explained in terms of the involvement of the top faces in
the search. That is, the search for the conjunction of the
color and the face might be easier when asymmetric
faces, the top and the right faces, are involved in the
search than when symmetric faces, the left and the right
faces, are involved. Although the diﬀerence in the search
functions between the in-surface and the in-tilted-sur-
face or not-in-tilted-surface conditions contradicts this
explanation, we considered that a more direct compar-
ison was necessary.
Thus, in Experiment 2, we compared the search under
the in-surface condition and that under the no-surface
condition in which top faces of cubes do not lay in oneFig. 3. Example search displays for the two conditions of Experiment 2. Un
ground-like surface. Under the no-surface condition (b), where the larger cub
perceived. The subjects task was to search for the cube with the odd conjuncontinuous surface. In addition, we set green and red
stimuli equiluminant with gray in order to exclude the
possible contribution of luminance.3. Experiment 2
3.1. Method
Twelve paid volunteers (2 men and 10 women, aver-
age age¼ 21 years) participated in the experiment. All
had normal or corrected-to-normal visual acuity and
color vision.
The same apparatus as used in Experiment 1 was used
under the same conditions, except that the room was
darkened.
The search display for the in-surface condition (Fig.
3a) was identical to that for the in-surface condition in
Experiment 1, except that the red and green stimuli were
set to be equiluminant with gray stimuli (30.0 cd/m2)
using the minimum ﬂicker technique for each subject.
The search display for the no-surface condition (Fig. 3b)
was made by rearranging cubes in the display for the in-
surface condition according to their size; the larger the
cube, the higher in the display it was placed. The space
between items and the area in which items fall corre-
sponded to those of displays for the in-surface condi-
tion.
The procedure was identical to that used in Experi-
ment 1.
A session consisted of one block for the in-surface
condition and one for the no-surface condition. In all
other respects, the design was identical to that for Ex-
periment 1.3.2. Results
The mean correct RTs as a function of the number of
items for each condition are shown in Fig. 4.der the in-surface condition (a), the top faces of cubes form a coherent
es are arranged higher, no coherent surface extending across the faces is
ction of face and color.
Fig. 4. Mean correct RTs as a function of the number of items for
each condition, for each of the target-present and target-absent trials
of Experiment 2.
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revealed signiﬁcant main eﬀects of condition, F ð1; 11Þ ¼
15:93, p < 0:005, and the number of items, F ð3; 33Þ ¼
87:25, p < 0:0001, as well as a signiﬁcant interaction
between them, F ð3; 33Þ ¼ 3:823, p < 0:05. This interac-
tion can be attributed to the linear component, to some
extent, since an ANOVA with slopes for correct RTs
against the number of items showed a marginal eﬀect of
condition, F ð1; 11Þ ¼ 4:511, p ¼ 0:057, though this was
not signiﬁcant.
An analysis of the absent trials revealed signiﬁcant
main eﬀects of condition, F ð1; 11Þ ¼ 27:56, p < 0:0005,
and the number of items, F ð3; 33Þ ¼ 43:71, p < 0:0001,
as well as a signiﬁcant interaction between them,
F ð3; 33Þ ¼ 6:869, p < 0:005. This interaction can be
attributed to the linear component, since an ANOVA
with slopes yielded a signiﬁcant eﬀect of condition,
F ð1; 11Þ ¼ 8:751, p < 0:05.
Error rates and the mean slopes for the correct RTs
against the number of items are shown in Table 2. Re-Table 2
Error rate as a function of the number of items and slope (ms/item) for targ
Condition Target-present trials
Error rate Slope (ms/
Number of items
2 6 12 18
In-surface 0.017 0.047 0.075 0.127 17.50
No-surface 0.019 0.012 0.019 0.007 23.07peated-measures ANOVAs applied to the error rates of
present trials showed a signiﬁcant eﬀect of the number
of items, F ð3; 33Þ ¼ 25:26, p < 0:0001. For absent trials,
an eﬀect of condition and the interaction between
condition and the number of items were signiﬁcant,
F ð1; 11Þ ¼ 5:691, p < 0:05, and F ð3; 33Þ ¼ 3:220, p <
0:05, respectively. This is due to the relatively high error
rate in the case of two or six items for the no-surface
condition. However, since even in these cases, the error
occurred in only one or two trials per 48 trials, we do not
think that the steeper slope of RTs for the no-surface
condition can be attributed to the trade-oﬀ between RTs
and error rates.3.3. Discussion
It was suggested that the diﬀerence in search function
between the in-surface and the not-in-surface conditions
in Experiment 1 might be attributed to whether the top
faces of the cubes were involved in the search. Under the
no-surface condition in Experiment 2, where the top
faces were relevant to the search, the slope of the search
function was less steep than that for the not-in-surface
condition in Experiment 1, being close to that for the
in-tilted-surface and not-in-tilted-surface conditions.
Therefore, it is accepted that the involvement of the top
faces aﬀected the search.
However, there still remains the diﬀerence in search
function between the in-surface and the no-surface
conditions, indicating that the arrangement of the cubes
has an eﬀect on the search eﬃciency. The search was
more eﬃcient when the cubes were arranged so that
their top faces lay in a continuous surface than when
they were in the arrangement where the larger ones are
higher in the display. Thus the result agrees with the
expectation that the surface deﬁned by the pictorial cues
is eﬀective for the search, enabling a search to be per-
formed selectively on the surface.
Since red and green were set to be equiluminant
in this experiment, the luminance information was not
available during the search, in contrast with the exper-
iment performed by Sun and Perona (1996), in which
subjects searched for an oddly oriented shape from
shading under the assumption of only one light source.
Therefore, the present experiment revealed the surfaceet-present and -absent trials in Experiment 2
Target-absent trials
item) Error rate Slope (ms/item)
Number of items
2 6 12 18
0.027 0.020 0.001 0.001 44.74
0.035 0.033 0.010 0.021 56.80
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on the search for shape from shading.
We attributed the eﬃciency in the search under the
in-surface condition to the three-dimensional conﬁgu-
ration of the top face of cubes, since the color of top
faces is relevant to the search. However, from a diﬀerent
point of view, cubes were sitting on an imaginary
ground plane only under the in-surface condition, al-
though perceiving the ground plane on the display was
diﬃcult because of the uniformly black background.
Therefore, it might be that the eﬃcient search under the
in-surface condition should be explained by the ar-
rangement of cubes as they are sitting on the ground
when the top face is relevant to the search. Thus in
Experiment 3, we tried to examine which of the two
factors has an inﬂuence on the search, the coplanarity of
the top faces or the arrangement of the cubes as they
were sitting on an imaginary ground plane. For this
purpose, we expanded or compressed the cubes, while
keeping the position of the bottom face (bottom-face-
coplanar condition) or the top face (top-face-coplanar
condition) the same, and examined which manipulation
interferes more with the search.4. Experiment 3
4.1. Method
Fourteen paid volunteers (8 men and 6 women, av-
erage age¼ 21 years) participated in the experiment. All
had normal or corrected-to-normal visual acuity and
color vision.
The same apparatus as used in Experiment 2 was used
under the same conditions.
The search display for the in-surface condition was
identical to that for the in-surface condition in Experi-
ment 1. The search display for the other two conditions
was made from the one for the in-surface condition by
manipulating the height of each cube by the ratio of 1.25Fig. 5. Example search displays for the three conditions of Experiment 3. U
surface and their top faces form a coherent surface. Under the bottom-face
surface. Under the top-face-coplanar condition (c), the items are no longer sit
conjunction of face and color.or 0.75, at random (see Fig. 5); For the bottom-
face-coplanar condition, the top face was lowered or
heightened while keeping the bottom face in its original
position, whereas the bottom face was lowered or
heightened while keeping the top face in its original
position for the top-face-coplanar condition.
The procedure was identical to that used in Experi-
ment 1.
A session consisted of one block for the in-surface
condition, one for the bottom-face-coplanar condition,
and one for the top-face-coplanar condition. In all other
respects, the design was identical to that for Experi-
ment 1.4.2. Results
Results of four subjects were excluded because they
made errors on more than 15% of present trials. The
mean correct RTs as a function of the number of items
for each condition are shown in Fig. 6.
A repeated-measure ANOVA of the present trials
revealed signiﬁcant main eﬀects of condition, F ð2; 18Þ ¼
4:122, p < 0:05, and the number of items, F ð3; 27Þ ¼
16:66, p < 0:0001, as well as a signiﬁcant interaction
between them, F ð6; 54Þ ¼ 2:894, p < 0:05. This interac-
tion can be attributed to the linear component, since an
ANOVA with slopes for correct RTs against the number
of items showed a signiﬁcant eﬀect of condition,
F ð2; 18Þ ¼ 9:706, p < 0:005; a Tukey-Kramer post hoc
analysis (a ¼ 0:05) on the mean slopes showed signiﬁ-
cant diﬀerences between the in-surface condition and the
bottom-face-coplanar condition, and between the bot-
tom-face-coplanar condition and the top-face-coplanar
condition, but not between the in-surface condition and
top-face-coplanar condition.
An analysis of the absent trials revealed signiﬁcant
main eﬀects of condition, F ð2; 18Þ ¼ 5:007, p < 0:05,
and the number of items, F ð3; 27Þ ¼ 7:436, p < 0:001, as
well as a signiﬁcant interaction between them, F ð6; 54Þ ¼
5:195, p < 0:0005. This interaction can be attributed tonder the in-surface condition (a), the cubes are sitting on an imaginary
-coplanar condition (b), the top faces no longer comprise a coplanar
ting on a coplanar surface. The subjects task was to search for the odd
Fig. 6. Mean correct RTs as a function of the number of items for
each condition, for each of the target-present and target-absent trials
of Experiment 3.
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yielded a signiﬁcant eﬀect of condition, F ð2; 18Þ ¼ 6:417,
p < 0:01; a Tukey-Kramer post hoc analysis (a ¼ 0:05)
on the mean slopes showed signiﬁcant diﬀerences
between the in-surface condition and the bottom-face-
coplanar condition, and between the bottom-face-
coplanar condition and the top-face-coplanar condition,
but not between the in-surface condition and top-face-
coplanar condition.
Error rates and the mean slopes for the correct RTs
against the number of items are shown in Table 3. Re-
peated-measures ANOVAs applied to the error rates
showed signiﬁcant eﬀects of condition, F ð2; 18Þ ¼ 4:101,
p < 0:05, and the number of items, F ð3; 27Þ ¼ 13:70,
p < 0:0001, for present trials; a Tukey-Kramer post hoc
analysis revealed the signiﬁcant diﬀerence between
the bottom-face-coplanar condition and the top-face-Table 3
Error rate as a function of the number of items and slope (ms/item) for targ
Condition Target-present trials
Error rate Slope (
Number of items
2 6 12 18
In-surface 0.021 0.035 0.054 0.117 11.57
Bottom-face-coplanar 0.017 0.044 0.079 0.113 15.31
Top-face-coplanar 0.029 0.033 0.037 0.075 12.67coplanar condition (a ¼ 0:05). Analysis for absent trials
revealed only a signiﬁcant eﬀect of the number of items,
F ð3; 27Þ ¼ 3:648, p < 0:05.
4.3. Discussion
We examined which decrease in coplanarity, that of
the top faces or that of the bottom faces, interferes with
the search for the conjunction of face and color. The
result was that the search under the top-face-coplanar
condition was as eﬃcient as that under the in-surface
condition, whereas the search was relatively ineﬃcient
under the bottom-face-coplanar condition. That is, de-
creasing the coplanarity of the top face interfered with
the search, whereas decreasing the coplanarity of the
bottom face did not.
The drop in search performance was rather small; the
slope for the bottom-face-coplanar condition was 15.3
ms/item and that for the in-surface condition was 11.6
ms/item. This might be because the amount of extension
and compression of the cubes was not enough to pro-
duce a large decline in perception of the coplanarity. (It
was diﬃcult to increase the rate of extension because of
the limited space between neighboring items, using the
arrangement used in the preceding experiments). In fact,
no subjects noticed the diﬀerence in conﬁguration
among the three conditions. The only diﬀerence they
noticed was that in the shape of the items for in-surface
condition compared to that for other conditions. Nev-
ertheless, it should be noted that, the performance was
aﬀected by the manipulation of the coplanarity of top
faces.
Thus, the results of Experiment 3 suggested that the
coplanarity of the top faces is more inﬂuential to the
search performance than the arrangement of the cubes
as they are sitting on a surface.5. General discussion
The results of the three experiments indicated that the
three-dimensional surface structure deﬁned by pictorial
cues, such as perspective and compression, is inﬂuential
in the search; it appears to be easy to select the colors in
the surface and to ignore the colors not in the surface.et-present and -absent trials in Experiment 3
Target-absent trials
ms/item) Error rate Slope (ms/item)
Number of items
2 6 12 18
0.044 0.010 0.021 0.023 31.02
0.035 0.029 0.017 0.008 37.78
0.023 0.019 0.010 0.021 32.47
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sional structure from these cues requires a global com-
putation over the stimulus as a whole, it is conﬁrmed
that the surface as a global structure is important in the
visual search. Moreover, in Experiment 1, we observed
the asymmetry of the surface eﬀect similar to that which
McCarley and He (2000) reported for the surface de-
ﬁned by the binocular disparity cue. This similarity
supports the idea that the surface eﬀect is general and
independent of the cue that deﬁnes it.
He and Nakayama (1995) argued that the search time
did not depend on the number of items, whereas in our
experiments, the values of the slope of the search func-
tion for the in-surface condition were as large as 15.2
ms/item in Experiment 1, 17.5 ms/item in Experiment 2,
and 11.6 ms/item in Experiment 3. In their experiments,
however, the relation between the search time and the
number of items on the same surface as the target could
not be estimated, since they only varied the number of
items of the target color on diﬀerent planes. On the
other hand, in our experiments, surface structure could
not be eﬀectively perceived when only two items were
presented. Thus, we recalculated the slope excluding the
two-item trials and obtained the smaller values of 11.1,
11.4, and 8.18 ms/ item in Experiments 1, 2, and 3, re-
spectively. These values suggest that quite an eﬃcient
search was performed with colors in the surface, which is
consistent with the idea proposed by He and Nakayama
(1995) that attention spreads selectively across a surface.
The surface eﬀect might be interpreted with reference
to the subset search. Friedman-Hill and Wolfe (1995)
argued that subjects can select a subset of items and
search eﬃciently for an odd element within it. Kaptein,
Theeuwes, and van der Heijden (1995) reported that the
search for a conjunction of color and orientation can be
limited to the subset of elements in the target color by
top-down control (see also Egeth, Virzi, & Garbart,
1984). Based on these arguments, the present study is
considered to indicate that one can select a subset based
not only on a simple feature, such as color, but also on
the global three-dimensional structure of stimuli.
Friedman-Hill and Wolfe (1995) estimated the time
taken to select a subset to be 200–300 ms, which is
consistent with the relatively long RTs observed in the
present experiments.Friedman-Hill and Wolfe (1995) speculated that once
a subset is selected on the basis of color, the information
about membership within the subset is shared with other
parallel feature processors, probably via lateral con-
nections between feature processors. The present study
points out the possibility of the contribution of feedback
information from the representation of the surface re-
covered through global three-dimensional processing,
though to test this idea is beyond the scope of this study.
In conclusion, the present study indicated that the sur-
face structure aﬀects the allocation of attention in the
visual search, independent of the three-dimensional cue.References
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